alent amounts of IL-2 production from the two chimeras. For both activated constructs, multiple substrates are apparent; phosphorylation activity rose rapidly over 5 min and then fell by 20 min. A reproducible difference in the substrate patterns for the two constructs was observed. Whereas several of the substrates were shared (for example, 120 and 36 kD), others are differentially phosphorylated. Tac-; resulted in the more prominent appearance of substrates at 140 and 65 kD (which represented the chimeric protein), whereas Tac-e resulted in the prominent appearance of substrates at 100, 72 to 75, 67, and 38 kD. The 100-kD Tac-e substrate comigrates with a prominent substrate seen in BW-fused T cell hybridomas and in human peripheral blood lymphocytes after stimulation of the intact TCR complex (14, 15). These differences suggest that the biochemical consequences of signaling through the ; and e tails are distinct. Whether this reflects the activation of different Tyr kinases must be addressed; these results raise the possibility that these two signaling-competent cytoplasmic tails of the TCR may provide distinct information to the cell.
substrate comigrates with a prominent substrate seen in BW-fused T cell hybridomas and in human peripheral blood lymphocytes after stimulation of the intact TCR complex (14, 15) . These differences suggest that the biochemical consequences of signaling through the ; and e tails are distinct. Whether this reflects the activation of different Tyr kinases must be addressed; these results raise the possibility that these two signaling-competent cytoplasmic tails of the TCR may provide distinct information to the cell.
Our data show that at least two subunits of the eight-chain TCR complex are independently capable of signal transduction, leading to both Tyr kinase activation and the production ofIL-2. The ability ofCD3 E, in addition to I, to signal resolves the dilemma raised by the findings that the cytoplasmic tail of 4 alone can mimic TCR-mediated activation (8) (9) (10) ), yet partial TCR complexes lacking any ; chain can activate hybridoma cells to produce . The presence of two proteins in a single receptor complex independently able to transduce signals raises several questions about the functioning of the intact receptor. Are the cytoplasmic tails of 4 and CD3 e redundant? Do they cooperate in the activation of the same signaling pathways? Do they couple to similar but distinct signaling pathways? Some support for the last possibility is suggested by the difference in substrate phosphorylation patterns produced by the Tac-; and Tac-e chimeras. Thus, the multichain TCR complex may not generate signals through a single subunit. The 22-amino acid functional motif of CD3 e described here can be aligned to a consensus sequence present in the COOH-terminal domains of subunits of various receptors (16) .
Whether this represents an identical coupling motif or variations on a general theme, perhaps for preferential coupling to different Src family kinases, can now be addressed. 23 We obtained torsion constants by fitting the fluorescence anisotropy decay of ethidium bromide intercalated in various supercoiled topoisomers of pBR322 to the theory of Barkley and Zimm with the use of a Marquardt-based algorithm (2, 9) . The anisotropy decay arises from the reorientation ofexcited-state ethidium bromide due to the twisting (and bending) of the DNA helix, and it was detected by time-correlated single-photon counting. The Barkley-Zimm theory, which models DNA as a uniform elastic rod that bends and twists in a viscous medium, is a harmonic approximation. The fitted value of the torsion constant depends weakly on the bending rigidity chosen, which we assume is constant and independent of superhelicity. Because of the weak dependence on bending and the fact that DNA is not severely bent in a plectonemic superhelix (10) If the torsion constant changes between samples that differ significantly in average superhelicity, then the twisting potential has an anharmonic component. To determine the sensitivity of our system to changes in torsion constant, we measured the anisotropy decay of phage X DNA in sucrose solutions with viscosities from 1.0 to 2.45 cP (ranging from 0 to 24% sucrose final concentration). According to theory, the anisotropy decay depends on the inverse square root of the product of the viscosity and torsional constant (1, 2) . Therefore, varying the viscosity X should simulate a change in the torsion constant, and a plot of (/n)l 1/2 versus the anisotropy fit parameter should yield a straight line. Figure 2 shows that fluorescence polarization anisotropy is sensitive to changes in viscosity, and hence torsion constant, of 10% or less (11) .
The best fit torsion constants for our topoisomer samples under physiological salt and low-salt conditions are shown in Fig. 3 . At 175 mM ionic strength, the torsion constant increases linearly as the superhelix density becomes more negative (Fig. 3) . At low ionic strength (-7.5 mM) and for nonnegative superhelix densities, the same trend is observed (Fig. 3) .
Two other groups have studied the dependence of the torsion constant on superhelicity using fluorescence depolarization. Millar et al. (7) compared pBR322 of "native" superhelix density to linear calf thymus DNA in 0.2 M salt. They found that negatively supercoiled pBR322 is torsionally more stiff than calf thymus DNA. Schurr and co-workers have studied supercoiled DNA under a variety of conditions (12) . In one study with 0.1 M salt, they concluded that there is no variation in torsional stiffness between three samples at superhelix densities of 0, -0.048, and -0.083 (13) . In a later study with low-salt conditions (-15 mM), they concluded that the torsion constant increases with negative supercoiling in a complex manner that varied over many weeks (11) . The torsion constant of our relaxed sample, 1.9 (±0.1) x 10-19 erg-cm, is in good agreement with the fluorescence anisotropy work of others (6, 7, 14) , although there is some variability in the literature depending on assumptions of helix radius, persistence length, and contribution of bending to depolarization. Cyclization studies, which measure the probability of ring closure of short (s500 bp) DNAs (4, 8) more stiffthan B-DNA, its presence will not alter the dynamics, and hence the torsional rigidity, reported by the ethidium (1), because a localized stiff spot in a flexible rod does not significantly alter the overall dynamics. (ii) If the alternative structure is more flexible, it can reduce the measured torsional rigidity-local weakness can alter the dynamics of an otherwise stiffrod (1) . In this case, the increase in torsion constant found with increasing negative superhelicity is a lower bound for the rigidity of the remaining B-form DNA. Our assumption of no alternative structures, therefore, yields a lower limit to the nonlinearity of the DNA.
Our interpretation is a lower limit for another reason: cruciforms and Z-tracts, if present, remove superhelical turns that would make negatively supercoiled DNA less torsionally stressed, and, in effect, they contract the x-axis of Fig. 3 . The slope would then be steeper, indicating that the DNA is torsionally even more nonlinear than shown in Fig. 3 .
At low ionic strength, positively supercoiled DNA is torsionally more flexible than relaxed DNA. At nonnegative superhelix densities, the torsion constant also increases more rapidly with the change in linking number (ALk) than it does under physiological ionic strength (dosed squares, Fig. 3 ). This is in part because a greater fraction of A goes into the change in twist (ATw) at low salt concentration-the superhelix radius increases (10, 19) and makes the writhe (Wr) more energetically costly. Hence, the base pairs sample a greater range in equilibrium twist angle and make the nonlinearity in torsion constant more evident. Furthermore, the increased superhelix radius at low salt concentration leads to greater torsional stress than that at high salt concentration. The greater torsional stress under these conditions may lead to significant alternative structures at negative superhelix densities, making the interpretation of these data problematic (open squares, Fig. 3 ).
On the basis of the above arguments, our data indicate that the torsion constant for DNA linearly increases with superhelicity. If the DNA is modeled as a series of base pairs (flat disks) coupled by torsional springs, this linear increase in torsion constant indicates that a cubic term should be added to the twisting Hamiltonian (20) . At physiological ionic strength, the best fit line oftorsion constant per base pair versus cr is:
where C is the torsion constant, h is the height per base pair (=3.4 x 10`8 cm), m is the experimentally determined slope, a is the fractional change in linking number (ALk/Lko) and b is the y intercept, which is also the torsion constant per base pair in the absence of topological stress. We find that b = 135 and m = -218 (both in units of kBT per base pair, where kBT, Boltzmann's constant times temperature, is the thermal energy). Note that this approximation must break down at sufficiently positive superhelical density, or a zero or negative torsion constant would result.
To understand in molecular terms the change in torsion constant after supercoil- using electron microscopy and topological methods, found that F = 0.28 (22) . Hunt and Hearst (19) , using analytical mechanics, estimated that F -0.2 to 0.3 for physiological superhelix densities. In fact, F is most likely not a constant, but instead a function of superhelicity (19) . For Fig. 4 for F = 0.33. The magnitude of the anharmonicity for the relaxed molecule can be estimated by determining the size of the cubic term relative to the quadratic term in the potential energy expression when (4) -4)o') -50, the root-mean-square deviation due to thermal energy. For F = 0.33, the correction term represents a change of -15% in the height of the potential energy surface for the relaxed topoisomer at U = 1/2 kBT. This value is sufficiently small that the perturbation-type expansion we have used is expected to be valid. Moreover, the Barkley-Zimm model, a harmonic approximation, is reasonable to use in analyzing each narrow topoisomer distribution, as we have done.
Our results have consequences for the formation of protein complexes on supercoiled DNA. The araC protein forms looped structures on negatively supercoiled DNA, but not on relaxed minicircle DNA (23 The p107 protein and the retinoblastoma protein (RB) both bind specifically to two viral oncoproteins, the SV40 T antigen (T) and adenoviral protein E1A (E1A). Like RB, p107 contains a segment (the pocket) that, alone, can bind specifically to T, E1A, and multiple cellular proteins. Cyclin A bound to the p107 pocket, but not the RB pocket. Although both pockets contain two, related collinear subsegments (A and B), the unique sequence in the p107 pocket that occupies the space between A and B is required for the interaction with cyclin A. 15 . The absolute value of the torsion constant is not of T HE CELLULAR PROTEIN, P107, shares a number of properties with the retinoblastoma product (RB), a known tumor suppressor. Both proteins form complexes with SV40 large T antigen (T) and the adenoviral protein E1A (1-3) , and RB interacts with the human papilloma virus E7 protein (4) . Complex formation may, in part, underlie the transforming functions of these viral proteins (2) (3) (4) (5) (6) . RB also interacts specifically with several cellular proteins in vitro (13) (14) (15) . These interactions may account for the proposed regulation of the cell cycle by RB (7) (8) (9) (10) (11) (12) . RB *To whom correspondence should be addressed. 3 JANUARY 1992 bind specifically to the transcription factor, E2F (16) (17) (18) (19) (20) (21) . These interactions may also contribute to cell cycle control.
The p107 protein has clear sequence similarity to RB. The RB sequence contains a stretch of -400 amino acids (the pocket) that can alone bind T, EIA, and the aforementioned cellular proteins (13, (22) (23) (24) . The pocket is composed of two subsegments (A and B) that are separated by a spacer of -75 residues (Fig. 1) . Foreign sequences can be substituted for the spacer without disturbing binding of T and E1A (22, 23 
